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DETERMINATION of ORDER and bPECIEIC REACTION RATE 
of 
ESTERIFICATION OF PROPY.1.ENE GLYCOL w i t h ACETIC ACID 
at 40° Centigrade 
The order of a chemical r e a c t i o n i s a term which designates 
the number of moles which are involved i n a given r e a c t i o n . Thus 
the decomposition of calcium carbonate by heating i s a f i r s t order 
r e a c t i o n and the p r e c i p i t a t i o n of s i l v e r c h loride from s i l v e r n i t r a t e 
w i t h sodium chl o r i d e i s a second order r e a c t i o n . 
*Let us f i r s t i n v e s t i g a t e the k i n e t i c s of a h y p o t h e t i c a l 
f i r s t order r e a c t i o n A B ^^^^ > A - 1 - B. By the 
d e f i n i t i o n of -order given above t h i s r e a c t i o n i s of the f i r s t order. 
From experimental data on r e a c t i o n s known to be of i h i s type, 
the f o l l o w i n g r e l a t i o n s h i p has made i t s e l f evident: the r a t e of 
change of the reactant i s n e g a t i v e l y proportional'-to theloonc-
c e n t r a t i o n a t any time. I n other v/oras i f we plot the r a t e of 
change of AB against time, a curve of t h i s general form w;ould r e s u l t : 
Ac_ 
ALir 
*Theory of r e a c t i o n k i n e t i c s taken from Elements of 
P h y s i c a l ohemistry, S. Glasstone, XMOstrand Co. New/ York 
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Expressed mathematically, the above f a c t s give us: 
d C AB 
d t 
— k CAB 
I f a i s the o r i g i n a l concentration of AB, then CAB time t 
i s a - X and our equation becomes: 
^ - = - k (a - X ) dt 
d (a - x) - - dx 
=. k (a - x) 
at 
I n t e g r a t i o n of t h i s equation w i l l y i e l d an expression r e l a t i n g 
the concentration of AB and the time. The p r o p o r t i o n a l i t y constant 
k i s c a l l e d the s p e c i f i c r e a c t i o n r a t e . 
J 
dx 
(a - x) 
I n a 
k dt 
a - X 




a - X 
I n the same way the formuias f o r second and t h i r d order r e a c t i o n s 
may derived. I n a second order r e a c t i o n , where tvra p o s s i b i l i t i e s 
e x i s t , there are two d i f f e r e n t expressions f o r the s p e c i f i c 
r e a c t i o n r a t e ; i n the case of t h i r d only one of the combinations 
possible i s u s u a l l y employed i n order to s i m p l i f y c a l c u l a t i o n s . 
I n a second order r e a c t i o n of the type A T B ^ j 
A and B may be of d i f f e r e n t concentrations i n v*rhich case the 
s p e c i f i c r e a c t i o n constant i s given by: 
k = 2-303 log 
t ( b - a) 
b - X 
a - X 
or A and B may be of the same concentration i n which case the 





-22-t i - X>2 
I n the case of a t h i r d where two of the r e a c t a n t s are of the same 
cpncentration and the t h i r d i s of a d i f f e r e n t concentration the 
s p e c i f i c r e a c t i o n r a t e i s given by: 
k — 1 1 „ J 2x(2a-b) 2.303 log a(b - 2 x ) L 
~ t ( b - 2 a ) 2 [_ b(b - 2 x ) b(a-x) / 
One method of c a l c u l a t i o n of the order of the r e a c t i o n 
i s to s u b s t i t u t e the experimental r e s u l t s i n a l l three of the above 
equations, s e l e c t i n g the one which gives the most consistent values 
f o r k, A b e t t e r approach to the problem would be to obtain a 
mathematical r e l a t i o n s h i p betv/een dc/dt and n(the order of the 
r e a c t i o n ) . I n the r e a c t i o n A+B+-C-*- +-X Y , where t h e i e 
are n r e a c t a n t s of the same concentration c, the r a t e of r e a c t i o n 
dc/dt i s given by - dc/dt -- k c^. 
I f n i s one, then thds form reduces to the forinula p r e v i o u s l y 
derived f o r a f i r s t order equation. I n an equation of a higher 
order, I n t e g r a t i o n r e s u l t s i n a d i f f e r e n t form than that 
presented before. 
C I The k i n e t i c equation tox a second order r e a c t i o n where the 
i n i t i a l concentrations of both r e a c t a n t s are equal i s t h e r e f o r e : 
\ 
^ x - ^ , 
Since t h i s i s of the io»~-m 'GT 
4 
, i t i s at once evident that 
a plot of ^/C'S Mr will y i e l d a s t r a i g h t l i n e . 
An a c t u a l r e l a t i o n s h i p betv^een dc/dt and n may be derived by 
assuming at two d i f f e r e n t concentrations: 
— lM(^^ M. <Cx =. Ac 
X ' K 
TECHNIQUE OF DETERMINAriONS: 
A technique to f o i l o w the course of t h i s r e a c t i o n must 
take into consideration the f o l l o w i n g f a c t s : 
1 . Evaporation of a c e t i c a c i d i n the course of 
the r e a c t i o n 
2 . H y d r o l y s i s ( r e v e r s e r e a c t i o n ) during a n a l y s i s 
of the samples 
3 . High m o l a r i t i e s producing a a i u l t i p l i c a t i o n 
of small e r r o r s i n the t i t r a t i o n s 
A f t e r s e v e r a l methods were t r i e d , the one f i n a l l y a r r i v e d at 
reduced the e f f e c t s of the above e r r o r s considerably. However 
they could not be eliminated completely. The u s u a l technique 
i s to place the desired concentrations of r e a c t a n t s i n a f l a s k 
and to withdraw samples f o r a n a l y s i s at the stated time i n t e r v a l s . 
Since i t v/as impossible to open the r e a c t i o n v e s s e l without 
l o s s of a c e t i c a c i d , t h i s method could not be used. The obvious 
a o l u t i o n to t h i s problem i s to s e a l the r e a c t a n t s i n the v e s s e l 
and anatysae at time t without exposing the contents to the 
a i r . The only way that t h i s could be done would be to analyze 
the e n t i r e contents of the r e a c t i o n v e s s e l . Therefore, by allowing 
the r e a c t i o n to continue f o r a longer period i n d i f f e r e n t v e s s e l s , 
the amounts changed at any time may be determined. however, since 
the o r i g i n a l concentrations d i f f e r from one v e s s e l to the next, 
c o r r e c t i o n f a c t o r s must be applied so tnat the r e s u l t s w i l l be 
comparable to each other. T h i s l a t t e r i s necessary f o r the 
p l o t t i n g of curves. These c o r r e c t i o n f a c t o r s w i l l be discussed 
i n the s e c t i o n on a n a l y s i s of data and c a l c u l a t i o n of r e s u l t s . 
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I n the succ e s s i v e analyses of concentrations a t any time, i t 
v;as found t h a t the r e a c t i o n reversed v^,ry r e a d i l y i n the presence 
of water to which the mixture was added to reduce i t s m o l a r i t y to 
the same l e v e l as that of the base used i n the t i t r a t i o n . Since 
the amount of a c e t i c a c i d regenerated by h y d r o l y s i s i s dependent 
upon the temperature and the time, only one portion of the d i l u t e d 
mixture vms t i t r a t e d and the t i t r a t i o n v/as c a r r i e d out at ©° 0. by 
means of i c e . 
I n order to reduce the l a s t e r r o r the e n t i r e sample i s 
d i l u t e d to f i v e hundred cubic centimeters and twenty-five cubic centimetei'S 
withdrawn f o r immediate a n a l y s i s . T h i s r e q u i r e s only one a n a l y s i s 
and only one t i t r a t i o n w i t h standard base, thus reducing the time 
and the e r r o r s . 
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PROCEDUKE; 
1 . Weigh to the nearest m i l l i g r a m a number of I 5 cc t e s t 
tubes equal to the number of time i n t e r v a l s 
d e s i r e d . 
2 . Add the desired amount of propylene g l y c o l from a p i p e t t e . 
T h i s axiount i s such t h a t a f t e r the addition 
of a c e t i c a c i d , the t o t a i volume i s always 
ten cubic centimeters, and such that the 
molar r a t i o of propylene g l y c o l to a c e t i c 
a c i d i s d e f i n i t e l y e s t a b l i s h e d . 
3 . Weigh the tubes again 
4 . At t equals 0 the c o r r e c t quantity of a c e t i c a c i d 
i s added and the tubes q u i c k l y weighed. 
and placed i n the constant teBiperature bath. 
5. At the d e s i r e d time i n t e r v a l s a tube i s withdrawn 
and opened under water i n a beaker; the 
tube i s r i n s e d i n s i d e and out and the 
r e s u l t i n g s o l u t i o n d i l u t e d to $00 cc. 
6 ; 2$ cc. of t h i s s o l u t i o n are at once pipetted out 
and Bun i n t o i c e 
7. T h i s i s immediately t i t r a t e d with the proper normality 
base using phenolphthalein as an i n d i c a t o r . 
8 . The t equals 0 value i s maSe i n the same way except 
t h a t the concentrated r e a c t a n t s are not 
mixed 't o g e t h e r ; they are weighed se p a r a t e l y 
and mixed a f t e r d i l u t i o n ; the d i l u t e d 
mixture i s then brought up to a volume of 
$00 cc. and the a n a l y s i s performed as above. 
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EXPERIMENTAI. DATA: 
I Data f o r the determination of order and r a t e 
Temperature - 40° centigrade 
a/b = 1 
Tube # Tare Ht. a f t e r add. of-
- propylene g l y c o l 
time Analysis-*-
- a c e t i c a c i d cc of 






1 2 , 9 9 4 
1 2 . 9 2 7 
13.226 
1 3 . 5 8 1 
18 . 7 8 6 1 3 . 1 3 1 ' ' - 1 6 . 6 9 3 
18 . 6 6 6 2 3 . 2 1 7 
18.920 2 3 . 4 4 9 
1 9 . 3 0 7 2 4 . 0 0 0 
0 2 2 . 2 1 
1 day 2 7 . 4 0 
2 days 26 . 1 5 
4 days 2 5 . 3 8 
* A d d i t i o n a l t a r e i s necessary according to method of a n a l y s i s of 
tube 0. See number 8 under PROCEDURE. 
11 Check upon evaporation e f f e c t s on the resuxts'^'^ 
Tube # Tare^ Water c W't. a f t e r add. of-
added -4.280^ - a c e t i c a c i d time Analysis-^ 
6 1 9 . 2 1 2 c . 1 9 . 3 1 7 2 3 . 9 7 9 1 hour 2 9 . 2 0 
11 1 9 . 7 8 1 1 9 . 8 7 9 2 4 . 4 8 9 2 hours 2 9 . 4 5 
26 1 8 . 8 5 5 18 . 9 6 7 2 3 . 5 6 9 3 hours 29 . 5 5 
3 1 18.468 18 . 5 7 7 2 3 . 1 3 4 4 hours 2 9 . 2 0 
T h i s was taken f o r a period of only 4 hours instead of 
f o r a period of a week as probably Siould nave been taken. 
However, the vConsItancy i s i n d i c a t e d and w i l l be shovm l a t e r . 
H. 2 
A c t u a l weight of water not necessary since only changes i n a c i d 
concentration are measured. 
1 . i m a l y s i s represents oniy 1/20 of e n t i r e amount. See procedure 5&6. 
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GALCULATION of values f o r s u b s t i t u t i o n i n k i n e t i c equations'^ 
Tube fj^ a (grams) b (grams) 
0 5 . 7 9 2 3.562 
16 5 . 7 3 9 4 . 5 5 1 
17 5 . 6 9 4 4 . 5 2 9 
18 5 . 7 2 6 4 . 6 9 3 
'̂  a and b are the o r i g i n a l concentrations of propylene g l y c o l 
ana a c e t i c a c i d , they are obtained by s u b s t r a c t i o n from Data 
sheet I . 
Tube # a (mole's) ^ b (moles) 
0 . 0 7 6 1 2 . 0 5 9 1 1 
16 . 0 7 5 4 2 . 0 7 5 5 2 
17 . 0 7 4 8 3 .07515 
18 . . 0 7 5 2 5 . 0 7 7 8 7 
1 . These values are obtained from the chart a t the top of t h i s 
page by d i v i d i n g each value by the proper molecular weight. 
Ivfolecular weight of propylene g l y c o l 76.09 
Molecular v/eight of a c e t i c a c i d 60.05 
Apparent Wi due to the f a c t t h a t i t i s only 9 9 . 5 % i s 60.26 
Concentrations a t times i n d i c a t e d 
Tube # Analj'-sis according to t i t r a t i o n v a l u e s ^ 
0 . 0 6 3 1 2 
16 . 0 7 7 8 7 
17 . 0 7 4 3 2 
18 . 0 7 2 1 3 
^ 2 . Moles equal l i t e r s x 20 x normality. Only 1/20 of the 
t o t a l was analyzed. 
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CORRECTION of b-x f o r comparisons and curve p l o t t i n g 
Tube # 0 16 17 18 
a (moles) . 0 7 6 1 2 . 0 7 5 4 2 . 0 7 4 8 3 .07525 
b (moles) . 0 5 9 1 1 . 0 7 5 5 2 . 0 7 5 1 5 .07787 
( b - x ) ^ . 0 6 3 1 2 . 0 7 7 8 7 . 0 7 4 3 2 . 0 7 2 1 3 
( b - x ) ^ . 0 5 9 1 1 . 0 7 2 9 2 . 0 6 9 6 2 . 0 6 7 5 7 
% l e f t i n 
mixture 1 0 0 . 0 0 9 6 . 5 6 92 . 6 4 8 6 . 7 6 
(b-x)-(. i s the concentration of a c e t i c a c i d remaining 
according to the t i t r a t i o n . However notice t h a t i n tube 0 
where no r e a c t i o n i s supposed to have taken place, the molar 
concentration of a c i d according to weights does not agree with 
t h a t according to t i t r a t i o n . I n order to correct f o r t h i s 
discrepancy each value of ( b - x ) ^ i s m u l t i p l i e d by the f a c t o r 
. 0 5 9 1 1 / . O 6 3 1 2 to give ( b - x ) ^ , the value t h a t the t i t r a t i o n should 
have had. T h i s discrepancy i s probably due to i m p u r i t i e s i n the 
concentrated a c i d or to a d e v i a t i o n i n the concentration from 
9 9 . 5 % s-s state d on the a c i d b o t t l e . 
Eor purposes of comparison assume b to be the same 
i n a l l tubes and choose t h i s value of b to be the one nea r e t t 
to a corresponding value of a . Then 
b . 0 7 5 5 2 . 0 7 5 5 2 . 0 7 5 5 2 . 0 7 5 5 2 
and assume a = b since the exact amount of a i s not measured 
and w i l l have only a s l i g h t e f f e c t the r e a c t i o n i t s e l f . The 
c o r r e c t i o n f a c t o r s are th e r e f o r e necessary f o r b-rx values. 
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I'rom t h i s standardised b and values f o r % l e f t a corrected 
b-s i s obtained (b - x)^^ or c i n the p r e v i o u s l y developed 
formulas f o r the s p e c i f i c r e a c t i o n r a t e . 
(b - x ) ^ . 0 7 5 5 2 . 0 7 2 9 2 .06995 . 0 6 5 5 1 
I n order to plot the curves the follov/ing values were computed: 
log c 8.8780 - 10 8.8628 - 10 8 . 8 4 4 8 - 10 8.8162 - 10 
1/c 1 3 . 2 5 13 .72 1 4 . 3 0 1 5 . 2 6 
l / c 2 1 7 5 . 4 188 . 1 2 0 4 . 4 2 3 3 . 0 
Each of these v a l u e s , c, log c, 1/c, l / c 2 , was plotted apainst 
time i n days. 
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GHEGK UPON THE LOSS OF AGETIC ACID THROUGH EYAPORATION 
From experimental data, I I , the number of moles 
of each a c i d present may be determined by s u b s t r a c t i o n and 
d i v i d i n g the weight of each a c i d by i t s equivalent weight. 
TUbe § 6 1 1 " 26 31 
H2SOA (gms) . 1 0 5 . 0 9 8 .112 . 1 0 9 
HOAc (gms) 4 . 5 6 2 4 .610 4 .602 4 . 5 5 7 
H2SOA (eq) . 0 0 2 1 . 0 0 1 9 . 0 0 2 2 . 0 0 2 1 
KOAc (eq) . 0 7 5 ? .O764 . 0 7 6 4 . 0 7 5 8 
t o t a l a c i d 
wt. . 0 7 7 8 . 0 7 8 3 . 0 7 8 6 . 0 7 7 9 
a n a l . ,0830 .O836 .0839 .0830 
anal/wt 1.067 1.068 1.066 1.066 
From the values of analysed/weighed i t i s obvious that any 
e r r o r produced by evaporation of a c e t i c a c i d w i l l probably 
not have an e f f e v t on the t h i r d s i g n i f i c a n t f i g u r e of the 
r e s u l t . The c a l c u l a t i o n s on t h i s page w?ere made by s l i d e r u l e . 
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CURVE ANALYSIS 
From the p l o t s of c, log c, 1/c, and l / c ^ , which 
a l l seem to give a s t r a i g h t l i n e w i t h i n the l i m i t s of experimental 
e r r o r , i t i s seen that the plot of c against t curves very 
s l i g h t l y as i t should f o r a r e a c t i o n of order greater t h a i 0 . 
The apparent l i n e a r i t y of t h i s p l ot i s due to the small changes 
which occur due to the extreme slowness of the r e a c t i o n . T h i s 
apparent l i n e a r i t y shows up i n each of the other p l o t s , see 
Graphs I, 1 1 , 1 1 1 ,IV. However, i n only one of the p l o t s do a l l 
four points adhere to the s t r a i g h t l i n e . T h i s i s the plot of 
t against l / c . (Graph 111) T h i s i n d i c a t e s t h a t the r e a c t i o n 
i s of the second order, as might be expected. Thus the 
e s t e r i f i c a t i o n occurs i n stages, replacement of the hydrogens 
of the g l y c o l i s a stepv/ise r e a c t i o n 
RESULTS: 
According to the above the formula w^hich we w i l l 
use to c a l c u l a t e the s p e c i f i c r e a c t i o n r a t e constant i s , 




E 1/°1 - l/cc) t i - t 2 
Since the two concentrations are equal. 
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RESULTS: 
k .47 .58 .48 
time i n t e r v a l 0 - 1 1-2 2-4 
These r e s u l t s are expressed i n terms of moles and days. Since the 
constants are u s u a l l y given i n terms of moles and seconds, 
d i v i s i o n of the above r e s u l t s by the number of seconds i n a 
day w i l l r e s u l t i n 
k 5.44 X 10"^ 6 . 7 1 X 10-6 5.55 X 10"^ 
SUM,IART: 
The evolved technique seems to be g e n e r a l l y 
s a t i s f a c t o r y although some refinements are undoubtedly 
necessary. The r a t e of the r e a c t i o n i s i n the neighborhood 
of 10"^ and i t i s of the second order. 
IS 
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